Purpose: In-situ water quality monitoring based on ion-selective electrodes (ISEs) is a promising technique because ISEs can be used directly in the medium to be tested, have a compact size, and are inexpensive. However, signal drift can be a major concern with on-line management systems because continuous immersion of the ISEs in water causes electrode degradation, affecting the stability, repeatability, and selectivity over time. In this study, a computer-based nitrate monitoring system including automatic electrode rinsing and calibration was developed to measure the nitrate concentration in water samples in real-time. Methods: The capabilities of two different types of poly(vinyl chloride) membrane-based ISEs, an electrode with a liquid filling and a carbon paste-based solid state electrode, were used in the monitoring system and evaluated on their sensitivities, selectivities, and durabilities. A feasibility test for the continuous detection of nitrate ions in water using the developed system was conducted using water samples obtained from various water sources. Results: Both prepared ISEs were capable of detecting low concentrations of nitrate in solution, i.e., 0.7 mg/L NO3-N. Furthermore, the electrodes have the same order of selectivity for nitrate:
Introduction
Increasingly, monitoring the quality of natural water resources is becoming a key issue because of growing environmental pollution. Consequently, the global demand for in-situ water quality monitoring systems has increased. For example, the US Environmental Protection Agency (EPA) stipulates that the concentration of nitrate in drinking water should be less than 10 mg/L. This limit has been set because high concentration of nitrogen in drinking water is hazardous to health, especially for infants and pregnant women (EPA, 1990 ). However, current off-line methods used for water quality monitoring require laboratory equipment such as atomic spectrometers, fluorometers, and high-performance liquid chromatography. Consequently, these methods are not suitable for use in real-time monitoring due to the long turnaround times needed for laboratory analysis (Bonastre et al., 2005; Curini et al., 2001) . Therefore, to protect the environment and human health, rapid, cheap, and versatile on-site monitoring is necessary to monitor water contamination. The use of ion-selective electrodes (ISEs) is feasible for real-time monitoring because they can be used to directly in the medium to be tested. Furthermore, ISEs are both compact and low cost (Kim et al., 2006; 2007; 2011; 2013; Mimendia et al., 2010; Tang et al., 2012; Winkler et al., 2004) . However, some concerns remain regarding the stability, repeatability, and selectivity of ISEs when continuous immersion of the electrodes in hydroponic solutions is required, such as that in a continuous, on-line system. The use of computer-based measurement systems, including automatic solution sampling and electrode calibration, would improve the accuracy and precision of solute concentration determination (Kim et al., 2011; 2013) .
The objective of this study was to develop an on-line water monitoring system based on automatic rinsing and easy calibration of the electrodes, allowing real-time measurement of the concentration of nitrate in water. The ultimate aim is to install the developed system at the drinking water source to monitor the nitrate concentration and detect any nitrate pollution. To achieve that goal, two different types of poly(vinyl chloride) (PVC) membranebased ISEs, i.e., a liquid-filled electrode and a carbon paste-based solid state electrode, were fabricated in this study. The laboratory-made electrodes were then employed in the monitoring system to evaluate their performance regarding sensitivity, selectivity, and durability. Finally, a feasibility test on the developed system for the continuous determination of nitrate in water was conducted using water samples obtained from various water sources.
Materials and Methods

Development of an automated measurement system
An automated measurement system with ion selective sensors was developed that could simultaneously measure the concentrations of nitrate in solution in conjunction with the automatic rinsing and calibration of multiple electrode sensors. The system was developed based on a design concept similar to that applied to a test stand prepared in our previous studies (Kim et al., 2006; 2007; 2011; 2013) . A flow diagram of the developed system is shown in Figure 1 . In common with the test stand originally designed (Kim et al., 2011) , a sample holder and eight metering pumps based on motor-based sample rinsing and delivery were constructed allowing automatic sampling and measuring of the test solutions. The system allows simultaneous collection of electromotive force (EMF) data from up to eight electrodes with one common reference electrode. A signal conditioning circuit with isolated analog input modules (SCC-AI13, National Instruments, USA) was added to obtain the EMF data from ISE sensors while minimizing loading effects.
To test the performance of sensors developed in the study, two different test modes, (sensitivity and selectivity tests (Figure 2) ) were programmed. In the sensitivity tests, solutions were introduced sequentially, from lowest to highest concentration. In contrast, in the selectivity tests, 0.1 M nitrate solutions were repeatedly introduced immediately after each test on a 0.01 M interfering-ion solution to investigate the effect of interfering ions on electrode EMF. The sample holder in the test stand was rotated by a servomotor, either to stir the solution gently during EMF measurements or expel the sample after measurement. The rinsing of electrodes was conducted by immersing the electrodes in distilled water. The data were obtained at a sampling rate of 1 kHz, and the moving average method was applied to the data. Finally, the collected data were saved, and the EMF signals were converted to concentration values based on a calibration equation previously developed for each ISE.
Preparation of ion-selective electrodes
To measure the concentrations of nitrate ions, two different types of ISEs, i.e., electrolyte-filled electrodes (EFEs) and solid state electrodes (SSEs), were developed in this study. Similarly to previous studies, PVC-based nitrate ion-selective membranes were prepared according to previously published methods (Cho et al., 2015; . An inner reference electrode was fabricated with a 1-mm-diameter silver wire (265594, Sigma Aldrich, USA) coated with Ag/AgCl ink (01164, ALS, Japan). The nitrate selective membrane was attached to the end of a plastic electrode body using THF (tetrahydrofuran) solvent. Each EFE was filled with an internal solution of 0.01 M NaNO 3 and 0.01 M NaCl. The body of SSE was fabricated using a commercial glassy carbon body electrode (MF2010, BASi, USA) and carbon paste oil (CF-1010, BASi, USA). The nitrate ion-selective membrane on the SSE body was formed by dripping the membrane solution onto the end of the SSE body (40 µL volume), followed by drying for 1 d at room temperature. The fabrication procedures and the prepared electrodes are shown in Figure 3 . A double junction glass electrode (900200, Orion, USA) was used as the reference electrode.
Electrode performance tests
Before real sample tests, tests for sensitivity, selectivity, and durability of the two different types of electrodes were carried out using an automated test stand to evaluate the capabilities of the electrodes for water nitrate sensing. The sensor array used in the tests included four EFEs, two SSEs, a commercial nitrate electrode (9307BNWP, Orion, USA), and a commercial reference electrode (900200, Orion, USA). The sensitivity responses of the electrodes were characterized by measuring the EMFs of each electrode in seven nitrate solutions with different concentrations prepared by a 10:1 serial dilution method from standard nitrate solutions. Nitrate solutions with concentrations ranging from 10 -7 to 10 -1 M, corresponding to 0.0014 mg/L~ 1444.7 mg/L in NO 3 -N concentration were prepared. In accordance with the methods described by Kim et al. (2006) , the selectivity factors (K ij ) were determined using the separate solution method (SSM), where the selectivity factors are calculated based on EMF values obtained with pure solutions of the primary ion (0.01 M) and interference ion (0.1 M). The selectivity factor is a measure of the preference by the sensor for the interfering ion (j) relative to that of the ion (i) to be detected. For the durability tests, the electrodes were tested by measuring the EMFs of electrodes in 0.01 M and 0.001 M nitrate solutions at 3 or 4 day intervals for almost 3 months. For sensitivity testing, solutions were arranged and tested in a sequence from lowest to highest concentration of the nitrate ion whereas for selectivity testing, the test solutions were arranged and tested in a sequence from lowest to highest selectivity for the nitrate ion over four interfering ions, i.e., HCO 3 -, Cl Normalization of the sensor array for sample measurement
The sensor array used to measure the samples from water sources was normalized using the two-point normalization method, as described in previous studies (Cho et al., 2015; Jung et al., 2015; Kim et al., 2011; 2013) . In principle, baseline-corrected electromotive forces (EMFs) are re-calculated by subtracting the baseline EMF from the data from each sensor to achieve a sensitivity adjustment by adjusting the offset so that any potential drift that might occur during continuous measurements can be minimized.
Two different nitrate concentrations (10 mg/L and 100 mg/L (2.24 mg/L and 23.38 mg/L in NO 3 -N)) were used as low and high normalization samples, respectively, prepared from nitrate standard solutions. Water samples were obtained from four different sites: Jeong-Seon (Gangwon, South Korea), the Han River (Seoul, South Korea), tap water from Seoul, South Korea, and a stream in Gwanak Mountain (Seoul, South Korea). As shown in Figure 4 , water samples from different sampling sites (Jeong-Seon, a Gwanak Mountain stream, and the Han River) were selected to represent important water areas of Korea and to provide a range of nitrate concentration levels.
To verify the matrix effect of background solution and the interference of pollutants, a 50 mg/L NO 3 (11.4 mg/L in NO 3 -N) sample was added to the test sample set. The samples obtained from the Han river were divided into two sub-samples, one filtered using Whatman No. 42 paper (pore size: 2.5 µm, diameter: 110 mm, GE Healthcare Life Sciences, Chicago, USA) and the other unfiltered. To validate the estimated concentrations of the electrodes, the samples were sent to a standard laboratory (NICEM, South Korea) where the concentrations of nitrate in the samples were determined by ion chromatography for comparison with those determined by our electrodes.
Results and Discussion
Automated nitrate measurement system Figure 5 shows the automated nitrate measurement system developed in the study, which includes a Teflonbased sample measurement chamber equipped with a servomotor (HG-MR, Mitsubishi, Japan), a main computer system lined with a signal conditioner (AI-13, National Instrument, USA), a motor controller (MELSERVO-J4, Mitsubishi, Japan), and a control box for pump and motor operation. The system can perform sensitivity and selectivity tests and sample measurements similar to those developed by previous researchers. However, our system has an increased number of solution containers and pumps for independent control of each solution container. To operate the measurement system, a graphical user interface (GUI)-controlled program was developed with LabVIEW (v2014, National Instruments, USA) ( Figure 6 ). Figure 7 shows the results of a sensitivity test for the EFEs and SSEs. All of the tested electrodes showed sensitive responses to different ion concentrations, with a sensitivity of >50 mV/decade in the concentration range of 0.16 to 1444.7 mg/L in NO 3 -N, indicating that the electrodes can be used in the range of nitrate concentrations required for drinking water as stipulated by the US EPA. In addition, the detection limit was almost 0.16 mg/L in NO 3 -N. However, the electrodes showed reverse responses when the NO 3 -N concentration fell from 0.01 to 0.001 mg/L. Theoretically, the responses should be insensitive to such a low concentration solution (Szigeti et al., 2006) . A possible reason for this reverse response might be the instability of the electrodes at low concentrations. Solutions to this problem include stirring the solution during measurement or using a buffer solution containing 0.01 mg/L of NO 3 -N allowing for the stable collection of EMF signals.
Electrode performance
In the selectivity tests, all of the electrodes showed the same order of selectivity for nitrate (NO 3 ->> HCO 3 -> Cl -> H 2 PO 4 -> SO 4 2- (Figure 8) ), indicating that the greatest interference occurred in the presence of HCO 3 -. However, the tested PVC-membranes were 40 times (log K ij = -1.6) more sensitive to nitrate than to bicarbonate. Therefore, all of the tested electrodes provide superior selectivity for NO 3 in the presence of the four interfering anions compared to other tested electrodes. In particular, the EFEs and SSEs provided better selectivity for nitrate than did the commercial Orion ISE. Considering the application of the electrodes to real-world water samples, we expected that because both HCO 3 -and Cl -are present in natural water sources at low concentrations, the responses of the tested electrodes would not be affected these interfering anions. However, chloride may affect the electrode response because the chloride concentration may be considerably increased due to water disinfection processes. Therefore, when using the electrodes to monitor tap water, both nitrate and chloride ISEs may be necessary to obtain precise results. The durability of the prepared electrodes was evaluated for three months by measuring the changes in sensitivity measured with two normalization samples having different nitrate concentrations, i.e., 14 mg/L (low) and 140 mg/L (high) in NO 3 -N, at 3 day intervals ( Figure 9 ). As shown in the figure, the slopes of the sensitivity of the tested electrodes deteriorate with time. In particular, after use for 60 d, the slopes of the sensitivity of the tested electrodes decreased from -56 mV/decade to -46 mV/decade. Consequently, the data must be normalized methods before sample measurement to compensate for such a sensitivity decrease of the electrodes over time. In addition, we believe that the use an automated measurement system that can make repeatable measurements is required to obtain precisely the EMF signals collected with the electrodes. In a comparison of the EFEs and SSEs in sensitivity, the SSEs showed the larger drop in sensitivity (13.9 mV/decade) than the EFEs did (10.3 mV/decade), indicating that the EFEs are more durable and are more suited to the continuous measurement of nitrate in water.
Application to water samples Figure 10 compares the nitrate values determined by the ISEs and those determined using standard laboratory instruments. Solution NO 3 -N concentrations determined by the two different types of nitrate-sensing ISEs and the automated ion analyzer ranged from 2.89 to 12.63 mg/L and 1.9 to 11.4 mg/L, respectively. A strong correlation (R 2 > 0.97) between the amount of water NO 3 -N obtained with the ISEs and with ion analyzer was found, with slopes of 1.07~1.13 and 1.21~1.37 when using EFEs and SSEs as the ISE, respectively. However, there were offsets of 1.38-1.68 (mg/L) between the ISEs and standard method (Table 1) . Similar results were obtained from measurements using the commercial electrode, and the plot of concentrations determined by the commercial electrode and the laboratory method also had a high correlation (R 2 = 0.97).
The tested electrodes all determined that the mountain stream water had the lowest concentration levels of nitrate, whereas the highest concentrations were found in river water samples. This higher concentration of nitrate in the river sample might be related to the fact that the river is located close to a city. Furthermore, there was no significant difference in the concentrations determined for the unfiltered and filtered samples from the Han River, Figure 10 . NO3-N concentrations estimated using the developed electrodes and a standard analyzer (error bars: standard deviations). indicating that organic pollutants present in the river sample did not significantly interfere with the measurements. Overall, the SSEs had the largest errors (up to 5.3 mg/L) when the estimates were compared to actual concentrations. The EFE and commercial Orion electrodes showed comparable estimations. In addition, the errors obtained with the electrodes were lowest when tested with the spiked sample, which contained only 1.4 mg/L NO 3 -N.
Conclusions
In this study, the sensitivities, selectivities, and durabilities of two types of ion-selective electrodes (i.e., EFE and SSE) were investigated to examine the feasibility of using these electrodes to measure nitrate concentration (NO 3 -N) in water. To obtain a reliable and convenient continuous measurement system, an automated monitoring system was developed that allows for electrode rinsing and data collection along with simultaneous measurement of the EMF from up to eight ISEs. The developed system and ISEs were used to measure the NO 3 -N concentrations of water samples obtained from various water sources. The sensitivity of two different types of the electrodes was satisfactory, showing > 50 mV/decade at concentrations ranging from 0.16 to 1444.7 mg/L in NO 3 -N. The low detection limit was~0.16 mg/L NO 3 -N. Although the electrodes showed a reverse response at concentrations less than 0.01 mg/L of NO 3 -N; however, stirring the solution or using buffer enabled a limit of 0.01 mg/L of NO 3 -N to be detected. The tested electrodes have the same order of selectivity coefficients (NO 3 ->> HCO 3 -> Cl -> H 2 PO 4 -> SO 4
2-
). In durability tests, the SSEs showed larger drops in sensitivity (13.9 mV/decade) than did the EFEs (10.3 mV/decade) during a period of 3 months. The developed automated nitrate monitoring system based on automatic rinsing and normalization of multiple ISEs predicted nitrate concentrations in the test samples similar to those measured with standard instruments. Thus, the developed automated system, which can be installed at the water source, is a feasible solution for real-time nitrate monitoring in drinking water to protect water resources from environmental pollution.
